Spontaneous Formation of Double Emulsions at Particle-Laden Interfaces by Bazazi, Parisa & Hejazi, S. Hossein
Spontaneous Formation of Double Emulsions at Particle-Laden
Interfaces
Parisa Bazazi and S. Hossein Hejazi
Department of Chemical and Petroleum Engineering, University of Calgary, Calgary, AB
T2N 1N4, Canada
Double emulsions, due to their compartmental structures, are essential in food, agricultural,
and pharmaceutical applications. Traditionally, double emulsifications rely on the presence
of both oil-soluble and water-soluble surfactants or external stimuli responsive materials and
require sequential droplet formation settings or unique fluidic designs. We report on unusual
phenomenon where double emulsions are spontaneously formed as soon an aqueous nanopar-
ticle dispersion is placed in contact with an oleic micellar solution. Nanoscale water droplets
nucleate in oil in the form of swollen micelles. Nanoparticles form a water-shell encapsulating
the saturated oil phase with swollen micelles over time. Remarkably, we find that the gradual
surface-activation of nanoparticles is key in self-double emulsification and controlling the emul-
sion intensity. We build on this new discovery and design a novel system for double emulsion
formation. This approach is a scalable self-sequential strategy for preparing core-shell double
emulsions that disperses nanoparticles in the opposite phase by employing micelles as trans-
port vehicles. Incorporating nanoparticles into spontaneous emulsification systems opens novel
routes for designing emulsion-based materials.
Keywords: Double emulsions, Spontaneous emulsification, Particle-stabilized double emul-
sions, Core-shell emulsions, Scalable and structured emulsions, Surface activation of nanopar-
ticles
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INTRODUCTION
Double emulsions, in which liquid droplets are encapsulated inside secondary droplets, have
great potential in a broad class of applications ranging from foods, cosmetics, pharmaceuticals,
and drug delivery to agriculture[1-5]. There are numerous one-step and two-step techniques for
double emulsification, including phase separation, phase inversion, and microfluidic techniques
[6-9]. Emulsion phase inversion and phase separation often constrain the scope of suitable
materials [9-11].Microfluidic techniques require unique design and fabrication procedures [6,
12-14]. The significant challenges facing the current methods are reducing the droplet size to
the nanoscale, improving production efficiency, and minimizing the energy required for emul-
sification [7,8,15]. Thus, developing new double emulsification routes to broaden the range
of suitable materials, improve droplet stability, and enhance the scale of production without
requiring complicated designs and high energy inputs is of great technological importance.
Spontaneous emulsification is an easy and reproducible approach for generating submicrom-
eter droplets without inputting energy [16,17]. TTherefore, it could be an alternative approach
for forming double emulsions with nanometer droplet sizes. Micelles, which are molecular en-
tities comprising surfactants in a liquid medium, are critical to spontaneous emulsification in
systems with considerable interfacial tension [18,20]. The preparation of double emulsions re-
quires the sequential formation of water in oil (W/O) and oil in water (O/W) emulsions or vice
versa [8]. Therefore, the existence of both water-soluble and oil-soluble surfactants is indispens-
able [8,21]. However, the simultaneous use of oil-soluble and water-soluble surfactants results
in the formation of either (W/O) or (O/W), depending on the hydrophilic-hydrophobic balance
(HLB) of the surfactant mixture, and does not result in the formation of a double emulsion
[22,23]. To formulate double emulsions, surfactants should be added sequentially to the oil
and water phases [8]. Considering the slower adsorption rate of colloidal particles to oil-water
interfaces compared to that of commercial surfactants, they could be a promising option for
generating double emulsions [24].
Particles are used to form double emulsions [25-27] and to improve the stability of droplets
as they create a mechanical barrier at the oil-water interface [7,11,28-31]. Multiple emulsions
can be generated in a single step by using a homogenizer or an ultrasonicator when the pH
or temperature-responsive nanoparticles are pre-dispersed in the oil phase and water is sub-
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sequently added. In such cases, the surface chemistry of the particles changes by varying the
temperature and pH; hence, the emulsion undergoes phase inversion, resulting in double emul-
sion formation [25,26]. In another study, multiple emulsions have been successfully formed
through phase inversion with fumed silica nanoparticles dispersed in the oil phase (triglyc-
eride or PDMS oils) at concentrations above 1 wt.% [27]. In summary, multiple emulsions are
formed when particles are pre-dispersed in the oil phase and in high particle concentrations
where particles are in the aggregated form. However, there have been no studies regarding the
spontaneous formation of double emulsions using nanoparticles and micelles. The incorporation
of colloidal particles in spontaneous emulsification has two characteristics that will facilitate
double emulsification. First, a new surface-active component is generated from the colloidal
particles over time. Second, the micelles can encapsulate and disperse colloidal particles in a
surrounding medium, regardless of nanoparticle hydrophobicity and liquid polarity.
In this work, we develop a novel and reproducible approach for self-double emulsification
by harnessing nanoparticles to invert the initial curvature of the oil-water interface. In this
regard, the oil phase contains a high concentration of Span 80 micelles, and silica nanoparticles
are uniformly dispersed in the aqueous phase. In-situ emulsification is triggered by micelles im-
pinging on the oil-water interface and adsorbing water and nanoparticles, which results in the
formation of nanoscale W/O emulsions. Simultaneously, silica nanoparticles adsorb surfactants
from the oil-water interface and/or from micelles dispersed in the water phase. Consequently,
the surface-activated nanoparticles migrate to the interface, change the initial curvature of the
interface, and generating the second emulsion from the initial W/O emulsion. Scanning elec-
tron microscopy verifies the structure of the W/O emulsion which remains intact upon adding
nanoparticles. Dynamic light scattering shows that the average size and polydispersity of the
droplets shifted slightly over time. The intensity of the double emulsion strongly depends on
the concentration of nanoparticles, where increasing the concentration above a specific value
lessens the intensity of the double emulsification. We discuss the principle of double emul-
sification based on the physicochemical properties of the nanoparticle-micelle interactions in
great detail. Previous reports on spontaneous double emulsion formation have been limited
to block copolymers. The presence of salt impurities in amphiphilic block copolymers results
in osmotically driven stress between the internal and external water phases, generating small
water droplets at the oil-water interfaces [15,33-34]. Additionally, in these studies, O/W emul-
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sions are first generated by ultrasonication or homogenization. Later, W/O emulsions are
spontaneously formed at the surface of the oil droplets. We believe our developed approach
for self-double emulsification is conceptually simple, scalable, and applicable to a wide range of
applications, including the encapsulation of nanoparticles in emulsion droplets and surrounding
liquid mediums.
RESULTS
Effect of nanoparticles on the spontaneous emulsification systems. To study the
role of nanoparticles in in-situ emulsifications, we gently placed DI water and 4.0 wt.% silica
nanoparticle dispersions in contact with 1.0 and 5.0 wt.% solutions of Span micelles. In all
systems, a white zone is formed in the vicinity of the oil-water interface, indicating spontaneous
emulsion formation. The oil phase remains transparent when in contact with the DI water.
However, it becomes cloudy in the presence of nanoparticles, and this cloudy zone grows over
time (Figure 1a and Figure S1a-b). The emulsion droplets grow as a function of time. The
droplets are in the range of 100-250 nm; thus, the solution is a nanoemulsion. The emulsion
droplets generated from the nanoparticle dispersion are slightly larger than those generated
from DI water (Figure 1b). The polydispersity index (PDI) of the droplets remains constant
during the first 150 minutes. However, after this time, the PDI increases to two- to four times
its initial value in the absence and presence of nanoparticles, respectively (Figure 1c). The
increase in the PDI values indicates the presence of larger droplets.
The cryo-scanning electron microscopy (cryo-SEM) images of the emulsions 180 minutes
after initial contact between the oil and aqueous phases show that the oil phase (dark color)
is fully covered with small water droplets (light color). The droplets are 200-nm in size, which
is consistent with the size indicated by DLS (Figure 1d). The observed water droplets are
reversed micelles that are with the DI water and nanoparticle dispersion. The micelles remain
spherical in the presence of nanoparticles. To verify the presence of silica nanoparticles in the
emulsion phase, we measured the density of the oil and aqueous phases before and after bring
the two phases into contact. The density of the silica dispersion does not increase upon contact
with the micellar solution (Figure S7e). Additionally, the densities of the emulsions generated
from the nanoparticle dispersions are higher than those of the emulsions generated from DI
water (Figure 2d left axis). The constant density of the nanoparticle dispersions before and
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after contact with the micellar solutions and the higher density of emulsions generated from
nanoparticle dispersions confirm the presence of silica in the emulsions.
Surprisingly, we observe double emulsion droplets in 5.0 wt.% Span micellar solutions in
contact with both DI-water and nanoparticle dispersion and 1.0 wt.% Span micellar solution
in contact with the nanoparticle dispersion (Figure 1d-e). Double emulsions have been previ-
ously formed when both oil-soluble and water-soluble surfactants are present 8. However, our
experiments unexpectedly revealed the spontaneous generation of double emulsions in systems
containing only oil-soluble surfactants. Increasing the Span concentration from 1.0 to 5.0 wt.%
results in the formation of double emulsions. The presence of silica nanoparticles in the wa-
ter phase intensifies the double emulsion formation. The generated multiple emulsions have a
unique structure: oil drops (with the radius of ∼ 50 µm) are fully covered with nanoscale water
droplets while it is encapsulated in an exterior water shell (Figure 1e).
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Figure 1: Spontaneous formation of emulsions in micellar solutions-nanoparticle dispersions
systems. (a) The rows show emulsion formation with Span 1.0 wt.% - silica 0.0 wt.%, Span 1.0
wt.% - silica 4.0 wt.%, Span 5.0 wt.% - silica 0.0 wt.%, and Span 5.0 wt.% - silica 4.0 wt.%,
respectively, over time. The aqueous phase is poured into the vial, and the oil phase is gently
added from the top. Images were taken after 0, 30, 60, 90, 120, and 150 minutes of micellar
solution-aqueous phase contact. (b) Evolution of the average size of the reversed micelles in
Span 1.0 wt.% - silica 0.0 wt.%, Span 1.0 wt.% - silica 4.0 wt.%, Span 5.0 wt.% - silica 0.0
wt.%, and Span 5.0 wt.% - silica 4.0 wt.% systems; the data are shown in blue, red, green, and
orange, respectively. (c) Evolution of the polydispersity index (PDI) of the reversed micelles.
(d) Cryo-scanning electron microscopy (Cryo-SEM) micrograph of the generated emulsions.
The dark color indicates the oil phase, and the light color represents the aqueous phase. (e)
Cryo-SEM micrograph of the double emulsions.
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Influence of nanoparticle and micelle concentrations on the double emulsion inten-
sity. We took images of the emulsification zone as the silica concentration was varied from
0.0 to 40.0 wt.%, and the Span concentration was changed from 1.0 to 10.0 wt.%. The im-
ages are presented in the plane of silica-Span concentrations, and the zones of the single and
double emulsions are indicated (Figure 2a). The oil, silica particles, and water are shown
in green, red, and black, respectively. Image quantification revealed that the double emulsion
intensity reaches a maximum at a nanoparticle concentration of 4.0 wt.% in 1.0, 2.5 and 5.0
wt.% Span micellar solutions. The maximum intensity with 10.0 wt.% Span micellar solution
was achieved with the 10.0 wt.% silica nanoparticle dispersion (Figure 2b). The Density and
water content (calculated as ((ρemulsion−ρmicellar solution)/(ρaqueous phase−ρmicellar solution))×100) of
the emulsions reach the maximum at 4.0 wt.% Silica concentration (Figure 2d left and right
axis, respectively), which further confirms that the maximum emulsification was achieved at
this silica concentration.
In all cases, the double emulsion intensity is considerably reduced at a silica nanoparticle
concentration of 40.0 wt.%. This nonlinear dependency of emulsion intensity on the silica
concentration can be the particle size effect. The average size of the silica nanoparticles in the
1.0, 2.0, and 4.0 wt.% dispersion is 7.9± 0.1 nm, while it increases to 194.2± 2.7 nm in the
40.0 wt.% dispersion (Figure S7b). The initial size of the reverse micelles in Span 80 micellar
solutions is 4.1± 0.1 nm (Figure S7c). We speculate that since the initial size of the reversed
micelles is much smaller than the aggregated particles in the 40.0 wt.% dispersion, the micelles
cannot take up the silica nanoparticles. Thus, the 40.0 wt.% silica dispersion generates less
emulsion compared to the other tested silica concentrations (Figure S1a-b and Figure 2a-b).
We also used a 2.5 wt.% silica nanoparticle dispersion with an average particle size of 100 nm
in contact with Span 10 wt.% to confirm the effect of particle size on the double emulsion
intensity. Similar to the 40.0 wt.% silica dispersion, the intensity of the double emulsion is less
than 20%. The reduced double emulsion intensity with 40.0 wt.% silica dispersion is discussed
further in the following section mechanism of double emulsion formation.
We took images of the emulsion zones every 60 minutes after the initial contact between
the oil and aqueous phases, and the double emulsions were generated after 180 minutes. The
considerable increase in the PDI values after 150 minutes could be an indicator of double
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emulsion formation (Figure 1c). The generated double emulsions were observed to be stable
for 7 days, and their intensity either increases (1.0 wt.% Span 80 micellar solution) or remains
constant (5.0 wt.% Span 80 micellar solution) from day 1 to day 7 (Figure 2c).
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Figure 2: Double emulsion intensity. (a) Double emulsion formation maps obtained with
4X magnification confocal microscopy showing the spontaneous emulsions generated with 1.0,
2.5, 5.0, and 10.0 wt.% Span concentrations and 0.0, 1.0, 2.0, 4.0, 10.0, and 40.0 wt.% silica
concentrations. The images on the right are magnified (10X magnification) images from the
indicated areas on the maps. Oil, nanoparticles, and water are shown in green, red, and black,
respectively. The images were captured 1 day after oil-aqueous phase contact. (b) Double
emulsion intensity (number of double emulsion droplets/total number of droplets) as a function
of silica nanoparticle concentration with 1.0, 2.5, 5.0, and 10 wt.% Span concentrations are
shown in blue, red, green, and orange, respectively. (c) Double emulsion intensity as a function
of silica nanoparticle concentration for 1.0 and 5.0 wt.% Span concentrations after 1 (diamond
marks), 3 (square marks), and 7 (inverted triangle marks) days of oil-aqueous phase contact.
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(d) Density of the emulsion with 1.0 (circle marks) and 5.0 (inverted triangle marks) wt.%
Span concentrations as a function of Silica nanoparticle concentration in left axis (blue) and
the aqueous phase content (((ρemulsion− ρmicellar solution)/(ρaqueous phase− ρmicellar solution))×100) in
the emulsion of 1.0 (square) and 5.0 (diamond) wt.% in right axis (red). To calculate water
content, we assume that Silica nanoparticles diffuse uniformly to the emulsion phase.
Mechanisms of double emulsion formation. The presence of both oil-soluble and water-
soluble surfactants is sought to be required for double emulsification. Since in our experiments,
we only used oil-soluble surfactants, we expect the spontaneous production of a water-soluble
surface-active material. To confirm this hypothesis, we put 3 ml of DI water and 4.0 wt.% silica
dispersion in contact with 3 ml of pure heptane for 180 minutes. We separated the aqueous
phase and measured the surface tension (ST). The ST values for both the DI water and silica
dispersion were 71.0 ± 0.5 mN/m, and it does not change over time. This result confirms
the absence of surface-active materials in the aqueous phase before and after being in contact
with pure heptane. We conducted similar experiments with 1.0 and 5.0 wt.% Span micellar
solutions. The ST of the DI water after contact with the two micellar solutions decreased from
71 to 68 mN/m, and these values remained constant over time. However, the ST of the silica
dispersion also decreases from 71 to 57 and 53 mN/m after contact with 1.0 and 5.0 wt.%
micellar solutions, respectively (Figure 3a). The considerable reduction in the ST of silica
dispersions indicates the generation of surface-active materials in the aqueous phase. Upon
migration into the water phase, Span molecules can attach to the silica nanoparticles and form
a surface-active colloid. Particle size analysis of the DI water after contact with the 5.0 wt.%
Span solution also showed the presence of objects with the same average size as that of the
micelles (4 nm) (Figure 3b). We speculate that these objects are the Span micelles that
migrated into the aqueous phase.
We propose two mechanisms for spontaneous double emulsion formation, as presented in
Figure 3c and Figure 3d. In the first mechanism, double emulsions are generated due to
surface-activation of the silica nanoparticles. The surfactants (micelles) are initially in the oil
phase, the oil-water interfacial curvature is concave toward the oil phase, and the formation of a
W/O emulsion is expected. Span is a nonionic surfactant that is also partially soluble in water.
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Therefore, Span molecules can diffuse into the aqueous phase, especially when the oil phase is
oversaturated, and the micelles are aggregated (Figure S7d). Once the surfactants comes into
contact with the silica nanoparticles, either at the interface or in the bulk, they interact with
the particles and generate water-soluble surface-active materials. Thus, the surface-activate
particles in the water migrate to the interface, change the curvature of the interface, and result
in the formation of O/W emulsions from the initial W/O emulsion (Figure 3c).
In the second mechanism, double emulsions are formed due to the hydrophobic interac-
tions between the tails of the Span molecules. This mechanism only occurs in oversaturated
Span micellar solutions (Figure S7d). Reverse micelles remove water molecules from the aque-
ous phase by directly impinging on the interface. The swollen reverse micelles act as solutes
and disperse in the oil phase by osmosis. At high Span concentrations, the micellar solution is
oversaturated (5.0 wt.%), and surfactants attach their hydrophobic tails to the tails of other
surfactant molecules in the micelle to minimize their contact with the oil phase. This arrange-
ment generates a chain of hydrophilic heads around the filled micelles. These hydrophilic heads
adsorb water molecules and create a water shell (Figure 3d). We expect both mechanisms to
be simultaneously active in our systems.
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Figure 3: Mechanism of double emulsion formation. (a) Surface tension (ST) of the aqueous
phase after 180 minutes being in contact with the micellar solution of Span 1.0 wt.% - Silica
0.0 wt.%, Span 1.0 wt.% - Silica 4.0 wt.% , Span 5.0 wt.% - Silica 0.0 wt.%, and Span 5.0 wt.%
- Silica 4.0 wt.% systems in blue, red, green, and orange, respectively. The ST of water and
4.0 wt.% silica dispersion after 180 minutes being in contact with heptane is plotted in black
and gray for the sake of verification. (b) Particle size distribution of the aqueous phase after
180 minutes being in contact with the oil phase for Span 1.0 wt.% - Silica 4.0 wt.% , Span
5.0 wt.% - Silica 0.0 wt.%, and Span 5.0 wt.% - Silica 4.0 wt.% systems in red, green, and
orange, respectively. (c) Double emulsion formation mechanism 1: Surface activation of Silica
nanoparticles. (d) Double emulsion formation mechanism 2: hydrophobic interactions between
surfactant tails. In the schematics (c, d) yellow, blue, red, and green are oil, water, surfactant,
and nanoparticle, respectively.
12
Nanoparticle-micelle (Silica-Span) interactions. To understand the silica-Span interac-
tions, we measured the dynamic IFT of the micellar solution-nanoparticle dispersions. For
all Span concentrations, the IFT decreases when silica nanoparticles are added to the sys-
tem (Figure 4). At least two factors affect the dynamic IFT of the present systems: (i) the
surface-activation of the silica nanoparticles over time and (ii) surfactant removal from the
interface due to spontaneous emulsification. In the systems in which the initial IFT (t=0) is
above 4.0 mN/m, the IFT monotonically decreases over time. Since the initial IFT is high,
emulsification occurs at a much slower rate than nanoparticle activation and migration to the
interface. Therefore, the interface is saturated with surface-active materials, and the IFT de-
creases, reaching a plateau after approximately 10 minutes. In contrast, in systems with a
very low initial IFT, less than 0.6 mN/m, IFT shows an increasing trend. In systems which
have high concentrations of surfactants and nanoparticles, spontaneous emulsification is a fast
process. The generated emulsion droplets continuously remove surface-active materials as they
detach from the interface. Hence, the IFT values increase over time. It is noted that the rate
at which the IFT increases for the 40.0 wt.% silica dispersion is lower than those for the other
silica dispersions. In fact, the aggregated silica nanoparticles reduce the rate of emulsion for-
mation which is consistent with the presented data on the double emulsion intensity (Figure
2a-b). When the initial IFT is 1.0-2.5 mN/m, the system shows nonmonotonic behavior. The
IFT initially decreases (100-200 minutes) but then increases for the remainder of the measure-
ments. The point at which these trends switch depends on the silica-Span concentrations. We
suggest that at this point, the rate of silica migration is comparable to the rate of removal of
the surface-active materials by the emulsion droplets.
The lower IFT values for the micellar solution-silica dispersions confirm silica-Span inter-
actions. There are at least two possible interactions between silica and Span: hydrophobic
interactions and hydrogen bonding. Hydrophobic interactions occur between the nonpolar tail
of the surfactants and the hydrophobic sites on the silica particles [35,36]. Hydrogen bonding
occurs between the polar head groups of the surfactants and the particles (between the oxygen
atom of the ester group or the hydroxyl group of the Span molecules and protonated hydroxyl
groups on the silica[37]. The measured elasticity of the interfacial layers decreases upon addi-
tion of silica particles to the aqueous phase. The reduction in the interfacial elasticity confirms
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spontaneous emulsion formation and their release from the interface during drop oscillation
(Figure S9f).
Figure 4: Dynamic interfacial tension (IFT) of micellar solution-Silica dispersionss. Span 80
concentration in the oil phase is fixed in each figure as (a) 0.1 wt.%, (b) 0.5 wt.%, (c) 1.0
wt.%, and (d) 5.0 wt.% . In each figure black, blue, green, red, gray, and orange represent the
data of 0.0, 1.0, 2.0, 4.0, 10.0, and 40.0 wt.% Silica nanoparticle dispersions. (e)-(g) show the
magnified regions of (b)-(c) in dashed, dotted, and dash dotted frames.
Universality and scalability of the approach. The gradual surface-activation of the
nanoparticles by surfactant adsorption is a well-known physical process, and it is not lim-
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ited to a specific type of particle [38,39]. Therefore, spontaneous double emulsification can
be expected in other surfactant-particle systems as long as there are high concentrations of
surfactants and interactions between surfactants and particles. Also, the spontaneous double
emulsification is not limited to the use of hydrocarbon oils. We conducted experiments with
two samples of biocompatible mineral oils with varying viscosities (30 and 135 mPa.s). Double
emulsions were formed in both systems but at different time scales. In contrast to the heptane
system in which the double emulsions are formed after a few hours (3 hr), double emulsions
are generated after 5 days for the 30 mPa.s oil and after 7 days for 135 mPa.s oil (Figure 5).
For all systems, we show the emulsion maps on the plane of silica-Span concentrations, and for
these samples, the maximum intensity of the double emulsion was achieved with 10.0 wt.% sil-
ica and 10.0 wt.% Span and with 4.0 wt.% silica for lower Span concentrations. The generated
double emulsions for the low viscous mineral oil have similar characteristics to those formed
with heptane. In high viscous mineral oil systems, especially at 10.0 wt.% Span concentration,
tortuous and interconnected structures of oil and aqueous phases are formed. These bicontinu-
ous structures signal the possibility of the spontaneous formation of bijels, which needs further
experimentation and analysis to be verified.
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Figure 5: Double emulsion formation map with two mineral oils with 30 and 135 mPa.s vis-
cosities names as low and high viscous mineral oils. Samples are prepared with two Span
concentrations for each mineral oil (5.0 and 10.0 wt./%). On the map, L5, L10, H5, H10 are
refereed to 5.0 wt.% Span in low viscous oil, 10.0 wt.% Span in low viscous oil, 5.0 wt.% Span
80 in high viscous oil, and 10.0 wt.% Span in low viscous oil. Oil, particles, and water are
shown in green, red, and black, respectively.
DISCUSSION
In summary, we demonstrated a novel approach for spontaneously generating double emulsions.
The presence of Span micelles in the oil phase results in the formation of W/O nanoemulsions.
Silica nanoparticles gradually adsorb surfactants or micelles, generating water-soluble surface-
active components, consequently forming O/W emulsions. Since the oil is already a W/O
nanoemulsion, the emulsion generated in the second step is a W/O/W double emulsions. In-
creasing the silica concentration from 1.0 to 4.0 wt.% and the Span concentration from 1.0 to
10.0 wt.% increases the intensity of the double emulsion. Micelle concentrations in the Span so-
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lution above 5.0 wt.% result in the formation of a water-soluble material due to the hydrophobic
interactions between the tails of the surfactant molecules, leading to double emulsion formation.
We reported that silica nanoparticles considerably increase the rate of emulsion formation, and
IFT monotonically increases over time. Our approach is not limited to low-viscosity oils, and we
documented double emulsion formation with mineral oils with viscosities of 35 and 135 mPa.s.
Our double emulsification method with nanoparticles is spontaneous and differs significantly
from approaches previously reported in the literature. Previous attempts for spontaneous mul-
tiple emulsification are limited to the use of block copolymers, and the emulsification was not
spontaneous from the first step. The primary purpose of the incorporation of colloidal parti-
cles in double emulsions is to increase the stability of the oil-water interface. A few studies
have reported the unexpected formation of double emulsions when silica nanoparticles were
dispersed in triglyceride or PDMS oils. Homogenizers generated primary W/O emulsions, and
W/O/W emulsions were produced due to phase inversion at high water contents. We report
on the unusual phenomenon of the spontaneous formation of double emulsions from the early
stage. We expect that our findings on the use of Span-silica for spontaneous double emulsion
formation can be extended to other micelle-nanoparticle systems by considering three criteria:
(i) the nanoparticles and micelles are predispersed in two different phases, (ii) the nanoparticles
are considerably smaller than the swollen micelles, and (iii) the nanoparticles gradually become
surface-active. Our discovery allows the straightforward preparation of nanoscale droplets that
can spontaneously encapsulate both hydrophilic and hydrophobic cargoes. Tuning the micelle-
nanoparticle concentration allows the formation of double emulsions with unique morphologies
and provides a multifunctional template for a broad range of applications.
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METHOD
Materials. We use a 40 wt.% silica dispersion (HS 40, Sigma) as the concentrated source of
nanoparticles. Silica nanoparticles in the dispersion are spherical with an average diameter of
7.9(1) nm. We also use a 2.5 wt.% fluorescent silica dispersion (DNG-L007, Creative Diag-
nostics), with a diameter of 100 nm. Sorbitan monooleate (Span 80, Sigma) is used as an oil
soluble non-ionic surfactant. Span 80 has the molecular weight of 428.60 g/mol, the hydrophilic-
lipophilic balance (HLB) of 4.3, and the critical micelle concentration of 1.8×10−2 mM in hep-
tane. We use heptane (anhydrous, 99%, Sigma) as the model oil. A viscous mineral oil sample
(Drakeol 35: ρ = 0.88 g/cm3, µ = 135 mPas) and a mineral oil with a lower viscosity (Sigma,
ρ = 0.84 g/cm3, µ = 30 mPas) are also used in a few experiments. Fluorescent Rhodamine B
(Sigma) and a solvent-based color fluorescent (Kingscote-Mfr #506250-RF4) are used to tag the
silica nanoparticle dispersion and the oil phase, respectively. All products are used as received
without further purification. Note: Unless otherwise stated, the silica dispersion, oil phase,
and Span are refereed to the HS-40 Sigma silica dispersion, heptane, and Span 80 in the entire
manuscript.
Sample preparation. We add DI-water (Direct-Q, Millipore Sigma) to the concentrated silica
dispersion to reach the desired concentrations of 1.0, 2.0, 4.0, and 10.0 wt.%. We prepare mi-
cellar solutions of Span in heptane with concentrations of 1.0, 2.5, 5.0, and 10.0 wt.% and Span
solutions with concentrations of 0.001, 0.01, 0.1, and 0.5 CMC. Span concentrations in mineral
oils are fixed at 5.0 and 10.0 wt.%. We use an ultrasonic bath (Isonic P4830) to homogenize
all samples: 10 minutes for water and heptane based fluids and 60 minutes for the mineral oil
based solutions.
Emulsion preparation. We pour 3 ml of an aqueous phase (DI-water or silica nanoparticle
dispersions) into a glass vial (1.25 oz) and add 3 ml of an oil phase gently at the top of the
aqueous phase using a micro-pipette.
Sample preparation for confocal microscopy. We add Rhodamine B with a wavelength of
543 nm in the aqueous phase. Rhodamine B has a positive charge and tags negative particles
(silica) in the water phase. The oil phase is dyed with a solvent-based fluorescent at the con-
centration of 2µ/10ml. We take a sample of emulsions using a micropipette, place it on a petri
dish, and cover the sample with a microscopic glass slide to minimize the water and heptane
18
evaporations during the imaging (5-10 minutes).
Confocal laser scanning microscopy. Images are captured with 4X (CFI Plan Apo Lambda,
Nikon) and 10X (CFI Plan Flour,Nikon) magnifications using confocal laser scanning mi-
croscopy (Nikon A1R). The laser power is set at 10-15 mW, and the pinhole is fixed at 1.2
AU for all images. We use 488 nm (FITC) and 561 nm (TRITC) laser emissions to detect the
oil phase (green) and particles (red), respectively.
Cryo- Scanning electron microscopy. We use a variable-pressure/environmental field emis-
sion scanning electron microscope (FEI Quanta 250 FEG) coupled with a Gatan Alto2500 cry-
otransfer system. Emulsion samples are freeze-dried in liquid Nitrogen before the imaging.
Interfacial tension of micellar solutions. We measure the dynamic interfacial tension
(IFT) of nanoparticle dispersions - micellar solutions using a spinning drop tensiometer (SDT,
Kruss). We fill the glass capillary with the aqueous phase and place an oil drop at the top of
its cap. The spinning rate is in the range of 6000-8000 rpm, and data are recorded for 4000
seconds.
Interfacial tension and elasticity measurements of Span solutions below CMC. The
dynamic IFT of nanoparticle dispersions - Span solutions at concentrations below CMC and sur-
face tension (ST) of the nanoparticle dispersions are measured using the pendant drop method
(DSA100, Kruss). We form a pendant drop of the oil phase at a J-shaped stainless steel needle
(OD=1.000 mm) immersed in a cuvette. The cuvette is filled with the silica nanoparticle dis-
persion. We record the IFT data for 2000 seconds. The elasticity of the interface is measured
by imposing a sinusoidal perturbation in the surface area of the drop and analyzing the IFT
response. We oscillate the drop with the frequency of 1 Hz and the amplitude of 5% of the
drop surface area, found through a systematic study, to ensure the linearity of the response.
Dynamic light scattering. We measure the size of the reverse micelles and nanoparticles
using dynamic light scattering (Malvern instrument, Nanoseries ZS). The average size is cal-
culated according to dave =
∑
dini, where di and ni are diameter and number percent of the
reverse micelles.
Density measurement. We measure the density of the oil and aqueous phases before and
after the oil-aqueous phases contact using Mettler Toledo densitometer (Density2Go).
Image analysis. We use image Fiji software to analyze the images of emulsions and calculate
the double emulsion intensity. Images are binarized with an appropriate threshold (80-100)
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value, and the number of droplets are counted using Analyze Particle modulus.
Note. All experiments are conducted at the atmospheric pressure (8 8.4±0.8kPa) and temper-
ature (2 1±0.5◦C). IFT, density, DLS experiments are repeated at least three times. Emulsion
samples are generated at least ten times to confirm the reproducibility of the spontaneous dou-
ble emulsion formation. Image analysis is repeated four times for each sample.
Data availability. All raw data of DLS measurements are provided in graphs as supplemental
materials. All raw data for interfacial measurements and DLS will be provided in numerical
forms in a spreadsheet upon request.
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Supplementary Information
1. Spontaneous formation of emulsions
Figure S1: Formation of spontaneous emulsions in the bulk for (a) 1.0 wt.% and (b) 5.0 wt.%
Span micellar solutions in contact with 0.0, 1.0, 2.0, 4.0, 10.0, and 40.0 wt.% Silica nanoparticle
dispersions from left to right at different time scales.
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2. Dynamic light scattering of micellar solutions
Figure S2: Size distribution of 1.0 wt.% Span micellar solutions in contact with 0.0 wt.% Silica
dispersion (DI-water).
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Figure S3: Size distribution of 1.0 wt.% Span micellar solution in contact with 4.0 wt.% Silica
dispersion.
28
Figure S4: Size distribution of 5.0 wt.% Span micellar solution in contact with 0.0 wt.% Silica
dispersion (DI-water).
29
Figure S5: Size distribution of 5.0 wt.% Span micellar solution in contact with 4.0 wt.% Silica
dispersion.
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3. Confocal microscopy images of double emulsions over time
Figure S6: Confocal microscopy images of double emulsions with different concentrations of
Span and Silica nanoparticle dispersions at 1, 3, and 7 days after the oil-aqueous phase contact.
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4. Size distribution of nanoparticle dispersions and micellar solutions before the oil-aqueous
phase contact, Density of 4.0 wt.% Silica nanoparticle dispersion before and after the contact
with micellar solutions.
Figure S7: (a) Size distribution of nanoparticles in 4.0 wt.% Silica nanoparticle dispersion. (b)
Average size of Silica nanoparticles in 1.0, 2.0, 4.0, 10.0, and 40.0 wt.% nanoparticle dispersions.
(c) Size distribution of reverse micelles in 1.0 wt.% Span micellar solution in heptane. (d) Size
distribution of reverse micelles in 5.0 wt.% Span micellar solution in heptane.(e) Density of the
aqueous phase before contact (left axis, blue) and after the contact (right axis, red) with the
1.0 and 5.0 wt.% Span micellar solutions.
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5. Interfacial tension and interfacial elasticity of nanoparticle dispersions-below CMC Span
solutions.
Figure S8: Interfacial tension of nanoparticle dispersions and Span 80 solutions of 0.000, 0.001,
0.010, 0.100, and 0.500 CMC in a,b, c, d, and e. e Interfacial elasticity of nanoparticle
dispersions with different Span concentrations.
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6. Equilibrium and initial interfacial tension values of nanoparticle dispersion-Span 80 micellar
solutions.
Figure S9: (a) Equilibrium and (b) initial interfacial tension values of nanoparticle dispersion-
Span 80 micellar solutions
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7. Spontaneous emulsion formation with mineral oils.
Figure S10: Formation of spontaneous emulsions in the bulk for (a) 5.0 wt.% Span in low
viscosity mineral oil, (b) 10.0 wt.% Span in low viscosity mineral oil, (c) 5.0 wt.% Span in
high viscosity mineral oil, (d) 10.0 wt.% Span in high viscosity mineral oil in contact with 0.0,
1.0, 2.0, 4.0, 10.0, and 40.0 wt.% Silica nanoparticle dispersions from left to right over time.
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